INTRODUCTION
Thlyroxine, important in the metamorplhosis of amphibians, as well as in the (lifferentiation of mammalian tissues, exerts its effects on suclh diverse tissues as cartilage, liver and brain(l). Effects of thyroxinie at the celltular level have been variously ascribed to its uncoupling of oxidlative phosphorylation (2) , its direct interaction with enzymes (3, 4) , and its stimulation of mitochondrial dependent protein synthesis (5) ; it has also been implicated in the transcription of both mDNA and rDNA (6) (7) (8) , and it has been assumed to have a role in nuclear transport (9) and attaclhment of ribosomes to membranes(I0).
Perlhaps one of the most fascinating controversies centers on the "primary action" of thyroxine(5); Sokoloff et al., lhave claimed that the mitochondria is tlle first and crucial focus of its effects; Tata has claimed the hormone's primary, albeit tardy tlhrust is in the nucleus (9) . MIore specifically, Sokoloff has demonstrated that the early enlhancement of protein syntlhesis by thyroxine (2 h) requires mitocliondria (5) , and he postulated that thyroxine may not even participate directly in the (lelayed response of increased nuclear RNA that occurs at 15 to 30 h. Tata on the otlher hand has considered the mitochondrial effects to be "toxic" or "catabolic" manifestations of hiighl doses of the lhormone, that may be entirely separable from its actions on growtlh and development(9,1 1).
The present experiments are concerned witlh the ultrastructural localization of tlhyroxine in the cell, wlhiclh has not lheretofore been described. Mfore specifically, cells of the (leveloping nervous system known to be responsive to thyroid hormonies (12) (13) (14) were studied. The localization of thyroxine 1251 at early (15 min) 'This study was supported by the United States Public Health Service, Research Giralit
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501 Copyright ( 1972, bx Acadcemic Prcss, Inc. and late (22 h ) times after its administration miglht give some additional insight into the possible site or sites of its action witlh respect to tlle arguments presented above. Whetlher or not increasedl tlhyroxine accumulated in cells at different stages of morphological differentiation (15) was also studied. In previous studies the similarities of localization botlh of triiodotlhyronine 125I and thyroxine 1251 in organotypic cultures of immature brain in different species of mammals has beenl demonstrated (16) . Experiments with clhase and nonchase solutions and with various metlhodls of fixation lhave been recorded (16) . The present methods of fixation and dleliydration localize tlhyroxine 1 251 associatecl with nonextractable cell sites, and these tissues after fixation retain no free iodine (17) .
METHODS
Spinal cord-dorsal root ganglion combinations from 13-day mouise embryos were cultivated according to the metlhod of Peterson, Crain and M\urray(18) for 19 days before adding radioactive thyroxine; slices of cerebellum from 2-day-old newborn mice were cultured as (lescribed by Bornstein and MAurray (19) , and kept for 11 days in vitro before addition of tlhyroxine 1251. Horse serum containing less tlhyroxine (0.8 [ugl-) than otlier sera for CNS culture (12 ug%) was utilized in order to make feeding media for botlh spinal cord and cerebellar cultures (19) .
Immediately prior to use, L-tlhyroxine 125I (sp act 69 [kc/4[Cg) was dried, and a(lded to feeding media as described (16, 17) to give a final concentration of 3.5 X 10-v M thyroxine 1251; clhromatograplhy ancd G-25 Seplhadlex analysis of this media revealed that 90%/o of the radioactive lhormone was bound to serum proteins, and 10% or 3.5 X 10-8 Al was present as free tlhyroxine 121. It slhould be nioted lhere that the total concentration of tlhyroxine in the media was in the physiologic range as judged by three criteria: (a) it was less than two times the concentration of the usual feediing medlium (vide sipra), (b) it was significantly less than amounts usedl to uncouple oxidative phosphorylation in immature brain (20) , andl (c) it was significantly less than amounts used to lhasten differentiated function in these tissue cultures (13 
RESULTS
Spinal cord cultures. Living spinal cord cultures exposed to thyroxine 1251 at all times showed no "toxic" changes (21) and appeared as others have described(l 8).
Light microscopic autoradiography revealed that the localization of grains at all times after exposure to hormone was the same; longer exposures to thyroxine produced only more grains at the same loci. This quantitative difference in grains was thought to reflect the increased binding of thyroxine by the cells with the longer exposures (17) . As early as 15 min after thyroxine 125I application, grains were seen over the nuclei of both neurons and glial cells. Some of these grains lay over the nuclear envelope; less frequently they were observed over the nucleolus. Cytoplasmic grains in general outnumbered nuclear grains by a ratio of about 3 Tables 1 and 2 . Both percent and frequency analyses showed a high degree of correlation with respect to the magnitude of distribution over each organelle.
It can be seen botli from percent (Table 1) and frequency (Table 2) analyses that the cell membrane had the greatest number of grains. After numerous observations it became apparent that more of these grains were localized on the membranes of small unmyelinatedc neuritic processes in the neuropil than on the perikaryial membranes of nerve or glial cells (Fig. 1) .
The mitochondlria slhowing the second order of labeling were distributed in all types of neuroepitlhelial cells. In these spinal cord cultures the number of mitoclhondrial grains increased above the average at 4 hr after exposure by botlh percent and frequency analyses. There was no correlation between mitochondzrial swelling and the presence of grains over the mitochondria. In fact almost all labeled mitocliondria had (lense matrices and showed no swelling (see Fig. 2 ). "Free" ribosomes and "mixed" endoplasmic reticulum (membranes only partially studded with ribosomes) showed third order in both percent and frequency distribution of label, and were considered as one group since frequency analysis did not suggest any apparent difference between them ( Table 2 ). All neuroepithelial cell types displayed ribosomal grains. No clear-cut increase or decrease in numbers of grains over "the ribosomes-mixed endoplasmic reticulum" occurred with different exposure times to thyroxine 1251, since no consistent variations were found by both percent and frequency analyses (Tables IC and 2C ). The nucleus accounted for an average of 12% of the total grains. Nuclear grains were observed by electron microscopy as early as 15 min after exposure to thyroxine 1251. Sometimes in such cases nuclear grains were seen in the absence of cytoplasmic grains (Fig. 1) . The nuclear grains reached a maximum at 4 hr both by percent and frequency analyses and were observed most frequently over neurons and "immature" protoplasmic astrocytes (15) . Nuclear grains were also occasionally observed over fibrous astrocytes but were infrequently observed over "young" oligodendrocytes closely associated with myelin sheaths. Somewhat less than half of the nuclear grains were found on or near the nuclear envelope. Sometimes these grains on the nuclear envelope were close to offshoots of endoplasmic reticulum (Fig. 1) .
Grains over synapses were observed as often as nuclear grains (Tables 1 and  2 ). These grains were seen over both the synaptic vesicles and the mitochondria. Grains were occasionally seen over dense core vesicles close to synaptic regions as well as over the synaptic cleft, (see Fig. 2 ). There was an increase in synaptic grains above the average by both percent and frequency analyses at 4 hr.
The remaining structures listed in Tables 1 and 2 were labeled occasionally or infrequently and showed no real fluxes with increasing time of exposure to thyroxine 1251. Of these structures, the high frequency of grains over the tubules is due in part to the overlap of grains over these structures and the plasma membranes of small neuritic processes. Tubules in the center of larger neuritic processes were rarely labeled (Fig. 1) . It should be noted that well developed and extensive rough endoplasmic reticulum as was characteristically seen in neurons rarely displayed grains. Grains were not seen on or near coated vesicles at the cell membrane, but were occasionally observed on or near coated vesicles in the Golgi region.
The nucleolus was an infrequent site of grains (Tables lB and 2B ). This result might be somewhat misleading since the number of nucleoli sampled was by necessity small; only neurons and some developing glial cells have nucleoli, and furthermore relatively few sections through the cell nucleus would include this structure.
One spinal cord culture exposed to thyroxine 125J for 22 hr, fixed with osmiunm but not preceded by glutaraldehyde fixation (17) , showed the same localization over different cell organelles as listed in Tables 1 and 2 . However, the nuclear grains were as numerous as the grains over the mitochondria and ribosomesmixed ER. This increase in percentage of nuclear grains in the osmium-fixed culture was accompanied by slight decrease in the percentage of grains seen over the cell membrane and mitochondria. (Fig. 3A) .
However, at 2 lhr after exposture a dramatic swelling of Purkinje cells was noted ( Fig. 3B and C) (Fig. 4) . At 
DISCUSSION
The present autoradiographic results suggest that thyroxine is bound by the cell at multiple sites including such diverse structures as the cell membrane, mitochondria, ribosomes, synapse and nucleus. This distribution is entirely consistent with biochemical assays of thyroxine localization in different expermental arrangements, e.g., subcellular fractionations. Three hours or more after an injection of thyroxine 1311 or thyroxine 14C to rats, the hormone was found in all liver cell fractions including the nucleus, ribosomes and mitochondria (22) . In studies of the developing CNS(23), thyroxine 1311 was evenly distributed in particles FiG. 6 . Cerebellar culture exposed to thyroxine '2I for 22 hr. Grains are seen over membranes of a developing myelin sheath that surrounds a neuritic process (n). X 19,800. sedimenting at 800, 20,000 and 100,OOOg as well as in the particle-free sediment 4 hr after injection. Since thyroxine is found in several cellular organelles, the question arises whether it acts on all, or only one of these sites (24) . To that end, we discuss the present results and that of other workers. Two lines of evidence favor an action at the cell membrane in addition to absorption prior to entry. First, the present experiments demonstrate an accumulation of hormone at this site with increasing time. Second, after thyroxine administration, altered functions associated with the cell membrane have been described by others. There is, for example, some evidence that thyroxine influences ion distribution in the CNS (25) , and it has been suggested in other epithelial cells, that thyroxine may have an early effect on cell permeability (24, 26) . Indeed, in the present investigation the Purkinje cells showed acute swelling with no concomitant mitochondrial swelling; the concentration of thyroxine used in our studies was well below that needed to uncouple oxidative phosphorylation (toxic effect) in vitro in mitochondria from immature brain (20) . Thus this swelling of Purkinje cells seen here might represent permeability changes occurring via the cell membrane. Although thyroxine-induced swelling of mammalian Purkinje cells may not be an entirely physiological effect, that is, it is exaggerated in tissue culture but does not occur in vivo, it is worth noting that there is thyroxine-induced involution of specific neurons (Mauthner's neurons) in amphibian metamorphosis (27) . Such involution might be based in part on such an action of thyroxine at the cell membrane in sensitive cells as observed here. Furthermore, thyroxine may act on the cell membrane in some cases in the developing nervous tissue. Thyroidectomy of newborn rats has been shown to result in a diminished growth of the axodendritic neuropil of the cerebral cortex (12) , and as well the aborizations of cerebellar Purkinje cells, under similar conditions, are permanently dwarfed(] 4). In this context, the frequent observation of grains in the neuropil, over the membranes of small neuritic processes is of interest. Furthermore, in organotypic cerebellar cultures, increased thyroxine in the feeding medium has been reported to speed the onset of myelination (13) . It is then of some interest that in the present studies grains were seen over developing myelin sheaths (Fig. 6) .
The presence of grains at the synapse leads to the speculation that increased or deceased levels of thyroxine at that site might cause neurological disturbances. Thus, the clinical observations that Parkinsonian tremors are increased in hyperthyroidism (28) , and that delayed and sluggish reflexes are associated with myxedema, are recalled. In fact there is some electrophysiological evidence that thyroxine alters synaptic transmission (29) and it has been suggested that thyroxine modulates central catecholamine synapses (30) , but further investigation of the effect of thyroxine at the synaptic locus is needed.
Mitochondria have been implicated in the action of thyroxine by several workers, in such capacities as protein synthesis (1, 5, 31) , oxidative phosphorylation(2) or respiratory control (32) , and more recently in mitochondrial turnover (33) . In the present experiments there was obvious localization of hormone to the mitoclhondlria witlh doses in the plhysiological range (see Mtetlhods). Furtlhermore, there were no toxic effects of this lhormone on the spinal cord cultures; cerebellar cultures slhowed only alterations in Purkinje cell neurons (vide supra).
Thyroxine lhas been slhown to increase protein syntlhesis in a mixture containing ribosomes witlh no mitochondria (34, 35) , and a 100-fold amplification of ribosomal translation lhas been reported in tlhyroxine-treated tadpoles (36) . In adldition, as tlhyroxine inducecl amplhibian metamorplhosis progresses, there is increasing ribosomal attaclhment to membranes(l0). In this context the observation of grains over free ribosomes, and over membranes only partially studded witlh ribosomes is of interest. Abundant well developed rouglh endoplasmic reticulum, as was often seen in large neurons, contained little label.
In the present studies the accumtulation of tlhyroxine 1251 was not obviously (lepen(lent on a previous sequiential accumulation at one of tlle other cellular sites; there was a concomitant tlhyroxine accumulation at all sites. Again, bioclhemical stuclies wouldl be entirely compatible witlh this observation since the tlhyroxine stimulatedl amino acid incorporating activity of isolated mitoclhondlria is elevatedl simultaneously witlh, but independent of, that of thle ribosomes (37) .
In the present investigation the localization of tlhyroid lhormone in the nucleus of cells as early as 15 min after its administration leads away from the notion that the nuclear effects of tlhyroxine suclh as increased nuclear RNA(8) are entirely secondary to its actions elsewlhere(5). Indeed tlhyroxine hlas been considered oligodendroglia cells closely associated with myelin sheaths. It is also of interest to note that in spinal cord cultures, glial cells actively synthesizing DNA did not show increased cytoplasmic uptake of 1251 thyroxine (42) .
It lhas been reported by others that the increase in nuclear RNA stimulated by tlhyroxine is delayed, and occurs at 12-15 hr after hormone administration (7, 37) . By comparison, the increase in nuclear RNA stimulated by another lhormone, estradiol, occurs at 1 hr(37). In our experiments tlhyroxine accumulates in the nucleus as early as 15 min after administration, tlhus, if thyroxine acts in the ntucleus to enlhance certain genetic messages, the delayed increase of nuclear RNA tunder its aegis must be explained. It is possible that a significant increase in nuclear RNA miglht in part be dependent on the action of thyroxine at other loci in the cell. To this end the following action of tlhyroxine on the cell is tentatively proposed. As sclhematically depicted in Fig. 7 , under the influence of tlhyroxine (*) the mitoclhondrial population MI miglht "turnover" (33) to M' and tlhus give rise to a molecule k wlhich would enlhance genetic message B being produced by the ntucletus (N) at that time. Additionally the ribosomes (R and 1INER), influence(d by tlhyroxinie at that as well as otlher sites, miglht also produce more of molectule b wlhiclh would also stimulate an increase in nuclear RNA.
Furthermore, suclh ntuclear functions miglht be increased only by the accumulation of both b andl k togetlher in the ntucleus witlh tlhyroxine. In such a way the nuclear effect miglht he vastly influenced by the state of the mitochondria and ribosomes at thiat time. Fturtlhermore, the sequential genetic message being read in the nucleus wotldI agaiin be translated on the ribosomes. Thus, the whole sequence of events couldl be repeated and amplified, if the nuclear message read on the ribosomes was a permissive one. In suclh a sclheme the specificity of thyroxine in different cells wouldl be dependent oIn the interaction of its effects at several loci, and the degree of differentiation of each of these loci. Both of these factors are probably necessary to explain the effect of thyroxine on the differentiation of the nervous system at one time and that time only. Furthermore, this model, where the influence of thyroxine on cytoplasmic organelles subsequently influences its action in the nucleus, might help to explain the lack of effect of thyroxine on isolated chromatin or nuclear preparations in vitro(6).
ADDENDUM
While this paper was in press, M. Griswold and P. Cohen (J. Biol. Chem. 247, 353-359 (1972) ) reported an increase in RNA polymerase in thyroxine-treated tadpoles, but not in isolated nuclei, and they postulated that "thyroxine has an effect at some other level of cellular function before RNA polymerase activity is stimulated." However, unlike the above hypothesis, they suggested only an initial extranuclear role for thyroxine.
SUMMARY
Organotypic cultures of developing spinal cord and cerebellum were exposed to thyroxine 1251 for 15 min to 22 hr. Electron microscopic autoradiography revealed that the major sites of hormone binding were the cell membrane, mitochondria, ribosomes-"mixed" endoplasmic reticulum, nucleus and synapse in that order of decreasing intensity. These organelles were all labeled as early as 15 min after hormone exposure, and there was increasing accumulation of hormone at all these sites with longer exposures. Both glial cells and neurons were labeled at all times. The present evidence is used to support the notion that thyroxine acts at multiple cell sites.
